A signal detection algorithm is proposed for the orthogonal frequency division multiplexing (OFDM) system in the presence of fast time-varying channel. The channel is represented by a piece-wise linear variant model with normalized Doppler frequency of less than 0.2. The channel parameters are extracted through ISI/ICI (inter-symbol interference/inter-carrier interference) cancellation and circular convolution reconstruction. Meanwhile, an improved OFDM symbol detection algorithm is also proposed based on circular convolution reconstruction. The channel state information in the OFDM symbol duration can be obtained accurately from the adjacent two block pilots in a linear model. The simulation results show that the proposed method can not only track the channel variation, but also promise better performance gain in the OFDM symbol detection. Furthermore, the bit error ratio (BER) is close to the performance with the perfect channel state information.
Introduction
n a terrestrial high-speed mobile environment, the fast time-varying characteristics and bad multipath effects will cause inter-carrier interference (ICI) and inter-symbol interference (ISI) that worsen the system performance in the traditional orthogonal frequency division multiplexing (OFDM) systems [1] [2] . Therefore, effective detection of the OFDM signal is one of the core technologies.
Instead of cyclic prefix, block guidance in poor multipath environment is appended as guard and has been applied to the time-domain synchronous OFDM (TDS-OFDM) system, which is a candidate for the China Digital High-Definition Television (HDTV) [3] [4] . The guide data can not only prevent the ISI from interfering with the adjacent OFDM symbols, but can also be used for both channel estimation and synchronization purpose [5] [6] . In the time-varying environment, when the normalized Doppler frequency is less than 20% in the OFDM data block duration, the channel impulse response (CIR) can be modeled as a linear change proc-ess [2] . This model is used directly to describe the channel variation [7] , but due to residual interference, the accuracy of the channel estimation is still limited. An algorithm [8] optimizes the method in [7] to eliminate the residual interference to improve the channel estimation. Ref. [9] uses either cycle prefix or two consecutive OFDM blocks to estimate CIR and eliminate ICI. However, the former one is more suitable for the smaller Doppler expansion, while the latter can lead to larger processing time delay.
In high-speed mobile environments, Doppler effects will destroy the orthogonality of the subcarrier and lead to ICI that degrades the performance. The Doppler frequency shift can be estimated by some methods, such as the channel statistic characters or the maximum likelihood (ML) principle based on the training sequence, to compensate and restore the orthogonality of the subcarrier [10] [11] . Meanwhile, the autocorrelation of the cyclic prefix can be used to estimate the Doppler shift in OFDM systems [9] . However, the ways of improving synchronization are generally more suitable for slow fading channels [12] [13] . An equalizer can be used to compensate for Doppler shift and reduce ICI impact [14] . If the time-varying channel characteristics are known, the ICI cancellation technology through signal processing can be adopted to mitigate ICI, but it requires accurate channel state information [15] . Through poly-nomial cancellation coding (PCC) in the frequency domain, a classic ICI interference self-cancellation technique can mitigate the ICI between adjacent sub-carriers to improve system performance [16] . This method is effective and robust, but the spectrum utilization ratio is only 50%. Doppler effects are usually an unfavorable factor and some measures are made to compensate or diminish the Doppler frequency shift (spread) impact in traditional systems [17] . However, Doppler spread can also be considered as a diversity source in the fast fading environment. Collection and use of the energy component in the different Doppler frequency shift direction will improve the performance of the system [18] [19] [20] [21] [22] . To date, the existing literature rarely considers joint ICI and ISI suppression for OFDM signal detection in the highspeed mobile environment.
In a fast time-varying environment with high multipath delay, assuming that the CIR satisfies a linear change in the OFDM block period [2] , this paper proposes a channel estimation algorithm through iterative ISI and ICI cancellation and circular convolution reconstruction. On this basis, the channel state information over the OFDM symbol duration can be calculated by the adjacent two pilots, and the circular convolution can be reconstructed to complete OFDM symbol detection. Compared to the traditional signal detection method, in which only single pilot is used, the proposed method can improve OFDM symbol detection performance. Simulation results show that the proposed algorithm is able to obtain the CIR and complete OFDM symbol detection effectively. Using the proposed scheme, the bit error ratio (BER) is close to the performance with the ideal channel state information. Fig. 1 depicts the OFDM system, in which the blocktype pilot replaces the cyclic prefix as guidance [3] . After phase-shift key (PSK) modulation, the data stream is modulated by N-point inverse fast Fourier transform (IFFT). In the transmitter, the block-type pilot is inserted between the consecutive OFDM data union to construct the transmitted data. For the th i OFDM sym- 
System model
The ith time domain pilot is denoted by According to Fig. 1(a) , the extended OFDM data block
tuted with the OFDM data unit and its tail guidance: 1 2 , 0 ,
The extended OFDM symbol block is defined by
If the appended pilots are identical, i p can be used as the cyclic prefix of i . x To facilitate the analysis, the identical guidance is assumed in this paper.
Channel estimation under time-varying channel

Channel response decomposition based on received pilot
If the normalized Doppler frequency is less than 20% in an extended OFDM symbol block ( ) i x duration, the CIR can be approximated to change in a linear model. The channel is modeled as an ( 1) L -order FIR filter and the pilot duration is greater than the channel multipath delay.
Let l denote the slope of the th l channel tap in 
The received time-domain pilot response
where i n w is Gaussian white noise.
From (5), the first L samples of p i r will be influenced by the adjacent OFDM data. p i r can be decomposed into three parts:
r r r r w (6) in which
r represents the expected pilot response, which is the result of circular convolution between the pilot and channel impulse response: 
r is the introduced additional ISI when reconstructing the circular convolution result:
where
is an N p -order square coefficient matrix of ISI, and
From (10) and (12) 
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Taking 
where 
Therefore,
R can be decomposed into two parts:
R in the first item of (22) 
From (26), the channel slope can be obtained:
where C is the pseudo inverse of . C Similarly, the coefficient matrices of frequency response of ISI are described as 
In conclusion, the received frequency domain pilot response can be shown as 
According to the above analysis, some conclusions can be obtained: 
Channel estimation
In the time-varying channel, the received pilot will be influenced by ISI and ICI in the OFDM systems from over the pilot duration, a channel estimation algorithm is described in Fig. 2. 
Signal detection based on circular convolution reconstruction
An OFDM symbol detection algorithm is studied in this subsection. According to the linear model [2] , with the known channel average gains p , the following channel parameters during the area 1 in Fig. 3 can be obtained.
The channel tap slops:
The channel average gain:
The channel impulse response over the OFDM data unit i x can be calculated as
where OFDM n,l h represents the tap coefficient at the th l channel tap and time instant n. The th i received OFDM data is
The first L samples in OFDM i r may be disturbed by ISI for 
.
Two steps could be taken to complete ISI cancellation and reconstruct circular convolution:
Firstly, Re_ISI is an N-order square matrix:
The frequency domain equalizer can be used by normalized mean square error (NMSE) in (42) to obtain 1 0
. After demodulation, the transmitted signal can be detected.
Traditional OFDM detection
In Fig. 1 , the linear model remains in the OFDM data block i x , and the identified pilot is used in the system.
In order to make a comparison between the proposed detection method and the traditional method, we studied a traditional OFDM detection algorithm as follows. 
Simulation results
The system parameters in a fast time-varying environment are shown in Table 1 . A two-delay Rayleigh channel, as described in Table 2 , is used to analyze the performance. The minimum mean square error (MMSE) of channel estimation is calculated as
where ( , ) h n l represents the estimated channel coefficient of ( , ) h n l , and M the number of pilot blocks. The ISI ratio is defined as the ratio of the normalized maximum multipath delay to the block pilot duration.
To analyze the performance in the two delayed Rayleigh channel with normalized Doppler frequency of 0.1 and different high multipath delay, the channel estimation performance is depicted in Fig. 5 and Fig. 6 with signal band of 40 KHz. It shows that the proposed algorithm can effectively track the channel state information. Even if the ISI proportion is 15%, the MMSE can be reduced to 4×10 -3 at SNR of 24 dB after three iterations in Fig. 6 . The BER is shown in Fig. 7 and Fig. 8 .
Compared to the signal detection performance with the estimated channel information obtained without ISI cancellation (ISIC), the improved performance can be provided with channel state information obtained by ISIC and circular convolution reconstruction in the traditional OFDM detection, labeled by method 1, or the proposed improved method, labeled by method 2. Fig. 9 shows the BER performance with the standard TDS-OFDM system parameter in [3] in the two delayed Rayleigh channel. It implies that the proposed method, method 2, can effectively improve the BER gain. Furthermore, in contrast to method 1, the BER obtained by the proposed way is nearly close to that with perfect channel state information. 
Conclusion
In the fast time-varying environment, the channel impulse response can be approximated to vary in a linear fashion when the normalized Doppler spread is less than 20%. This paper proposes an effective detection algorithm to complete the channel estimation and OFDM symbol demodulation through ISI cancellation and circular convolution reconstruction. The simulation results show that the proposed algorithm can effectively track the channel variation even under a large Doppler frequency and high multipath delay. Although some slight processing delay may appear, the proposed method provides better gain in symbol detection than the traditional way and the BER is close to the performance with perfect channel state information.
